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To produce viable offspring, organisms may assess mates via criteria that include traits, such as sex, species, age,
reproductive status, population identity and individual quality. Copepods are small, ubiquitous crustaceans that
live in freshwater and marine systems around the world whose patterns of mate choice have been long studied in
numerous species. Herein, we synthesized decades of experiments describing sexual selection in copepods to assess
the importance of mating criteria. We used formal, meta-analytical techniques and mixed modeling to quantify the
likelihood of non-randommating associated with mating criteria. In our synthesis of the scientific literature, we found
that copepods use several criteria when assessing mates and that these criteria are associated with different likelihood
estimates. We report the strongest likelihood of non-random mating when copepods assess the reproductive status
of females or when copepods select between conspecific vs. heterospecific mates. We found weak likelihood of non-
random mating in studies that provide mates from different populations or that manipulate operational sex ratio.
Studies that directly test assessment of individual quality are sparse in copepods when compared to equivalent studies
in vertebrates, and we encourage future researchers to explore whether copepods use individual characteristics as key
mating criteria.
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INTRODUCTION
Animals are hypothesized to select potential mates to
improve their reproductive success. Sexual selection is
often studied in vertebrates (Andersson, 1994; Schantz

et al., 1999; Smith and Harper, 2003; Andersson and
Simmons, 2006), and there are potential benefits for mate
assessment by essentially all animal species, including
invertebrates such as zooplankton. In particular, there is
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a rapidly expanding literature on non-random mating in
species of Copepoda (Titelman et al., 2007), a class of
animals that is becoming a model for evolutionary, eco-
logical and behavioral research (Raisuddin et al., 2007).
Herein, we focus specifically on the importance of mating
behavior of copepods.
The criteria used by copepods to assess potential

mates have been studied since the 1960s (Bozic, 1960).
In copepods, mating can include discrete behaviors,
such as changing swimming patterns to track potential
mates, precopulatory guarding or mate clasping and
copulation (Buskey, 1998), although these behaviors are
not necessarily shared across all species. In most copepod
species, males clasp females as a key behavior in mating
coercion. Some species use pheromones to actively seek
potential mates and to decide with which individual they
will form a mating pair (Snell, 2010; Yen and Lasley,
2010). The opportunity for non-random mating does
not stop at mate guarding, however, as males can switch
to clasp different females before finally committing to
copulate (Burton, 1985; Hull et al., 1998). Moreover,
females display mate choice behavior by escaping the
clasp of undesirable males (Tsuda and Miller, 1998; Dur
et al., 2011), refusing male coercion attempts (Kiørboe
et al., 2005) or possibly selecting sperm belonging to a
single male in species with spermathecae that allow for
multiple matings (Blades-Eckelbrager, 1991; Mauchline,
1998). Although strategies between males and female
copepods may differ, both sexes can be selective when
mating.
It has been proposed that copepod mating is limited

by the rate at which prospective mates are encountered
(Buskey, 1998; Kiørboe, 2006). Indeed, copepod mate
selection is likely sequential because most copepod
species can only perceive one potential mate at a time
(Kiørboe, 2007). However, a simple encounter-based
model is insufficient to explain the mating behaviors of
many copepods. It has been shown that in some species,
only a small proportion of adults produce a majority
of the offspring in a population (Sichlau et al., 2015).
Existing studies on non-randommating in copepods have
manipulated specific criteria that individuals assess when
choosing a mate. Potential criteria that copepods might
use in assessment of prospective mates include species
identity (Goetze, 2008; Goetze and Kiørboe, 2008), sex
(Katona, 1973; Anstensrud, 1992; Kelly and Snell, 1998;
Kelly et al., 1998), population identity (Lazzaretto et al.,
1994; Palmer and Edmands, 2000), reproductive state
(Burris and Dam, 2014) and age/senescence (Ceballos
and Kiørboe, 2011). In addition, researchers have
performed manipulations on species-specific variables,
including the type of diffusible pheromone signals that

copepods use to communicate (Ting and Snell, 2003;
Seuront, 2013), the blockage of those chemical signals
(Ting et al., 2000; Snell, 2010), contact chemosensation
(Lonsdale et al., 1996; Ting et al., 2000), mechanosensory
stimuli (Ceballos and Kiorboe, 2010) and mate density
during encounters (Dur et al., 2012). Although many
of these criteria are communicated by signals that are
not easily detected by researchers, behavioral responses
to these cues can be visually recorded using one or
more of the following measures of choice: tracking
(i.e. change in swim behavior for seeking a particular
mate), precopulation (i.e. formation of a clasped pair) or
copulation (i.e. spermatophore transfer), depending on
the copepod species. However, no quantitative synthesis
of non-random mating in copepods has been completed,
and we do not understand fully which criteria instigate the
strongest behavioral response in copepods during mating
opportunities.
We conducted a meta-analysis of published studies to

assess the relative importance of criteria used by cope-
pods in sexual selection. We sought to describe the like-
lihood of non-random mating responses determined by
the relative importance of each assessment criterion. We
operated under the assumption that the likelihood would
be dictated by the potential cost or benefits of a good
or poor choice for each criterion. For example, sex (i.e.
mating type) could be an important and influential assess-
ment criterion on the likelihood of non-random mat-
ing, because there can be no reproduction if a same-
sex partner is chosen. Recognition of conspecific over
heterospecific mates may influence non-random mating
behavior because mating outside of a species boundary
can result in hybrid offspring of low fitness (Hill, 2019).
Assuming significant genetic divergence in copepod pop-
ulations (Lee, 2000; Edmands, 2001; Goetze, 2003; Garl-
itska et al., 2012; Barreto et al., 2018), recognizing a mate
from within its own population versus genetically diver-
gent populations can avoid costs imparted by genetic
incompatibilities (Lynch, 1991). Selecting an individual
of the appropriate reproductive state (i.e. virgin vs. gravid)
may increase reproductive output and avoid wasted effort.
Finally, age assessment may enable a selecting individual
to gain maximum reproductive value from a chosenmate.
Additionally, we considered factors concerning experi-
mental design of the studies included in the meta-analysis
to assess whether experiment duration, the density of
potential mates, the type of response variable, the type
of mating experiment (single vs. multiple choice) and the
type of control used by authors to compare results played
a role in influencing likelihood estimates of non-random
mating behavior. To quantify these effects, we performed
a series of mixed-model analyses.
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Table I: Studies included in this meta-analysis

Study no. Citation

1 Anstensrud, M. (1992). J. Crustacean Biol., 12(1), 31–40.

2 Bagøien, E., & Kiørboe, T. (2005). Mar. Ecol. Prog. Ser ., 300, 105–115.

3 Barrera-Moreno, O. A., Ciros-Pérez, J., Ortega-Mayagoitia, E., Alcántara-Rodríguez, J. A., & Piedra-Ibarra, E. (2015).

PloS one, 10(4), e0125524.

4 Burris, Z. P., & Dam, H. G. (2014). J. Plankton Res., 37(1), 183–196.

5 Ceballos, S., & Kiørboe, T. (2010). Oecologia, 164(3), 627–635.

6 Ceballos, S., & Kiørboe, T. (2011). Plos One, 6(4), e18870.

7 Dur, G., Souissi, S., Schmitt, F. G., Cheng, S. H., & Hwang, J. S. (2012). Zool. Studies, 51(5), 589–597.

8 Frey, M. A., Lonsdale, D. J., & Snell, T. W. (1998). Philos. Trans. R. Soc., B, 353(1369), 745–751.

9 Goetze, E. (2008). Limnol. Oceanogr , 53(2), 433–445.

10 Goetze, E., & Kiørboe, T. (2008). Mar. Ecol. Prog. Ser., 370, 185–198.

11 Griffiths, A. M., & Frost, B. W. (1976). Crustaceana, 30(1), 1–8.

12 Hull, M. Q., Pike, A. W., Mordue, A. J., & Rae, G. H. (1998). Philosophical Transactions of the Royal Society of London

B: Biological Sciences, 353(1369), 753–764.

13 Katona, S. K. (1973). Limnology and Oceanography, 18(4), 574–583.

14 Kelly, L. S., Snell, T. W., & Lonsdale, D. J. (1998). Philos. Trans. R. Soc., B, 353(1369), 737–744.

15 Kelly, L. S., & Snell, T. W. (1998). Mar. Biol., 130(4), 605–612.

16 Lazzaretto, I., Salvato, B., & Libertini, A. (1990). Crustaceana, 171–179.

17 Lazzaretto, I., Franco, F., & Battaglia, B. (1994). In Ecology and Morphology of Copepods (pp. 229–234). Springer,

Dordrecht.

18 Lonsdale, D. J., Snell, T. W., & Frey, M. A. (1996). Mar. & Freshw. Behav. Phys., 27(2–3), 153–162.

19 Palmer, C. A., & Edmands, S. (2000). Mar. Biol., 136(4), 693–698.

20 Ritchie, G., Mordue, A. J., Pike, A. W., & Rae, G. H. (1996). J. Exp. Mar. Biol. Ecol., 201(1–2), 285–298.

21 Seuront, L. (2013). J. Plankton Res., 35(4), 724–743.

22 Ting, J. H., Kelly, L. S., & Snell, T. W. (2000). Mar. Biol., 137(1), 31–37.

23 Ting, J. H., & Snell, T. W. (2003). Mar. Biol., 143(1), 1–8.

24 Yen, J., & Lasley, R. (2010). In Chemical Communication in Crustaceans (pp. 177–197). Springer, New York, NY.

METHOD

Data collection

Literature searches were performed from 19 June 2017
to 6 April 2018 using one search engine (Google Scholar)
and three literature databases (Web of Science, ResearchGate

and ProQuest) with the following search terms in isola-
tion and combination: ‘copepod’, ‘mate choice’, ‘chemi-
cal communication’, ‘sexual selection’, ‘mate assessment’,
‘mate guarding’, ‘pheromone’, ‘mate recognition’ and

‘glycoprotein’. Papers were downloaded (N = 67) and fil-
tered for relevance with the following conditions: studies
must include (i) measures of copepod mating in the form
of raw count data and (ii) a control (either statistical
or experimental, described below). Data collection with
these parameters yielded 24 usable publications (Table I).
Using data from these 24 publications, we grouped effect
sizes into nine categories of mating criteria. We have
organized and consolidated descriptions of these criteria
in Table II.

Effect size

The data extracted from the included studies were in the
form of count data recorded as the number of copepods
that exhibited a certain selective mating decision (varied
study by study—see general examples below). Thus, the
effect size selected for comparison among studies was the
odds ratio (OR). The OR is represented as a proportion
of events between two groups, as shown in Equation 1
and can be interpreted as the likelihood of a copepod
exhibiting a certain mating response between two groups.

Number of individuals making decision 1 in group A (a) /Number of individuals making decision 2 in group A (c)
Number of individuals making decision 1 in Group B (b) /Number of individuals making decision 2 in group B (d)

(1)

Decisions 1 and 2 may represent any of two behavioral
outcomes in a mating trial, and Groups A and B may
represent any two experimental or control groups. For
example, in the case of a mate choice trial where a single
individual had to choose between clasping two different
species of mates, one of the same species and one of
a different species, we could encode the results of this
experiment into the OR by making decision 1= number
of copepods that clasped amate and decision 2= number
of copepods that ignored a mate. We could then encode
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Table II: Criteria summary

Mating criteria Independent variable Response

measured

Study no. (Table II)

Reproductive status Virgin female vs. non-virgin with dropped

spermatophore

Virgin vs. non-virgin with spermatophore intact

Time since insemination

C 4, 14

Species Mate of different species vs. mate within species

(same stage)

C, P, T 8, 9, 10, 13, 14, 16, 17

Mechanosensory stimuli Size difference between mates

Movement of mate

Frozen killed vs. live

C, P, T 5, 13, 15

Age or developmental stage Earlier stage vs. later stage

Varying chooser adult age

Varying chosen adult age

Young virgin vs. ovigerous virgin

C, P 1, 6, 13, 14, 20, 21

Sex Same sex vs. opposite sex of juvenile stages

Same vs. opposite sex of adults

C, P 1, 13, 14, 15

Diffusible pheromone Presence/absence of female pheromone

Presence/absence of conspecific pheromone

Presence/absence of heterospecific mate

Pheromone mimic of same sex

Pheromone mimic of opp. sex before/after

reproduction

Pheromone mimic of conspecific mate vs.

heterospecific mate

T 2, 11, 14, 17, 21, 24

Blockage of chemosensation Antennule ablation

Protease, antibody or lectin administration

Heat-denatured proteases

P 12, 14, 15, 18, 22, 23

Population Presented with mate of different population vs.

same population

C, P, T 3, 8, 17, 19

Operational sex ratio 1:1 vs. 1:2 or 1:5 (male: female)

Chalimus 2 stage added to chalimus 2

C, P 7, 14

the heterospecific mate as Group A and the conspecific
mate as Group B. The OR then becomes the ratio of
copepods that either did or did not clasp a heterospecific
mate over the ratio of copepods that did or did not select
a conspecific mate. In this case, the more copepods that
do (or do not) clasp a heterospecific mate would cause
the magnitude of the odds ratio to become larger (indi-
cating a higher likelihood that species identity influenced
the copepod’s mating decision in this example). In the
instance that authors provided copepods only one type
of mate to clasp (for example, just a single heterospecific
mate) with no other options (i.e. a ‘no-competition’ trial),
the OR could be encoded the same, as long as the author
also included a no-competition trial with a ‘control’ con-
specific mating option.
In studies where authors did not provide a physical con-

trol group, the odds ratio was encoded simply as whether
a copepod positively responded to or ignored a mate in
comparison to what we would expect by chance (we call
this a statistical control). To continue our example of a
mating trial with heterospecificmates: if an author did not
include a mating trial in which copepods were presented
with conspecific mates as an actual experimental con-
trol, but instead compared the number of heterospecific

mating decisions to the number chance decisions that
would be expected based on the number of total replicates
run (let us say 50 total replicates in this example), the odds
ratio would be encoded as such: decision 1= number of
copepods out of 50 that clasped a heterospecific mate,
decision 2= number of copepods out of 50 that did not
clasp a heterospecific mate, group A= numbers from the
actual trial and group B= numbers split evenly based on
chance to make two choices (i.e. 50/50 chance or 25 for
Decision 1 and 25 for Decision 2). Effectively, the odds
ratio is an effect size that represents the likelihood that a
copepod exhibits selective behavior, given certain criteria
to assess. The estimate from our encoded OR does not
discriminate between copepod preference or avoidance,
but simply represents the likelihood that non-random
mating occurs. The greater the likelihood, the stronger
the behavioral response to a given type of criteria.
We adapted this equation to the biology of cope-

pod mating by defining selective behavior as a copepod
either changing swimming behavior (tracking), engaging
in precopulatory clasping (precopulation) or completing
spermatophore transfer (copulation). The behavior used
to calculate the OR was dependent on the life history of
the copepod species in each individual study. In this way,
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we preserved organism-specific behaviors since incorpo-
rating study-specific biology into a comparative effect size
is important when making broader conclusions across
studies when using meta-analyses (Detsky et al., 1992).
While meta-analyses in general may lack the resolution
of the individual studies they incorporate, the ability to
empirically assess patterns across very different studies is
a key advantage to the approach (Hillebrand and Cardi-
nale, 2010). However, inclusion of all relevant data can
make comparison across studies difficult, which makes
study exclusion criteria important (Eysenck, 1994).

Statistical analysis

All statistical analyses and graphing were completed using
the log-transformed odds ratio (LOR) taken as its absolute
value, calculated by the metafor v2.0-0 package (Viecht-
bauer, 2010) in R v3.6.1 (The R Core Team, 2019). In
the results reported from these data, larger LOR values
farther away from 0 indicate stronger likelihood of non-
randommating. If the credible intervals around estimated
LOR values do not include 0, they were considered sta-
tistically significant. Credible intervals that include 0 are
equivalent to a P value of > 0.05. All presentation and
discussion of results using these data were in terms of the
LOR and values were not back-transformed to the odds
ratio.
The ‘MCMCglmm’ package v2.26 (Hadfield, 2010)

was used to compare likelihoods between groups using a
Markov chain Monte Carlo model. The MCMC model
was chosen because it allowed for the incorporation of a
phylogeny specified as a random effect. Our model chain
ran a total of 600 000 iterations with a burn-in of 100 000
and thinning interval of 10. The burn-in of 100 000 was
chosen to ensure our model estimations were unbiased by
transient or extreme estimates, and the thinning interval
of 10 (using only every 10th estimate) was chosen to
reduce autocorrelation among estimates. This provided
us with a final posterior distribution of 50 000 estimates
per model run. We used a non-informative prior for
each analysis to maximize the influence of the collected
data on posterior distributions. For plotting of results,
we used the R packages ggplot2 v2.2.1 (Wickham, 2016),
bayesplot v1.6.0 (Gabry andMahr, 2018) and extrafont v0.17
(Chang, 2014). To calculate the amount of heterogeneity
due to authorship and genus classification, we used the
rma.mv function from the metafor package.

Phylogenetic relatedness as a random effect

When comparing likelihood estimates among genera of
copepods, the phylogenetic relationships between the
various orders of copepods from Khodami et al. (2017)

was included in our model. While performing all other
statistical analyses, a phylogeny of copepod genera was
used to account for variation in our estimates due to
relationships between the various copepod genera. This
phylogeny was constructed in MEGA X v10.0.2 (Kumar
et al., 2018) using Cytochrome C Oxidase subunit 1
(CO1) sequences downloaded from GenBank belonging
to the copepods included in this meta-analysis. The
final maximum-likelihood tree constructed using these
sequences is shown in Fig. S1.

Fixed effects

To quantify the degree to which copepods engage in
non-random mating, we ran a MCMCglmm model on
our entire dataset without fixed effects. To account for
variation due to multiple effect sizes coming from the
same study or from the same criteria as well as phylo-
genetic non-independence among copepods, we included
random effects of authorship, criterion category and the
phylogenetic relatedness between genera. To summarize
the likelihood of non-random mating among different
genera of copepods, we ran anMCMCglmmmodel with
genus as a fixed effect and authorship and order-level
phylogeny as random effects (Khodami et al., 2017). We
followed this analysis with a model that described the
likelihood of non-random mating by copepod habitat
and included random effects of authorship and genus-
level phylogeny. Our primary goal in this meta-analysis
was to determine the mating criteria associated with
the strongest likelihood of non-random mating behavior
in copepods. To do this, we ran a model with mat-
ing criteria as a fixed effect while controlling for ran-
dom effects of authorship and genus-level phylogeny.
This is comparable to a linear model comparing effects
across experimental groups. These criteria and the spe-
cific experimental variables they represented are listed in
Table I.
We also analyzed components of experimental design

in copepod mating studies, including (i) the genus of the
copepods, (ii) the type of mating response (e.g. tracking
behavior, precopulation or copulation), (iii) the design of
experimental trials (e.g. mate density, length of obser-
vation time), (iv) the type of control (e.g. statistical or
experimental) and (v) the type of experiment (e.g. one
choice or multiple choice experiments). A control was
considered experimental if its data came from a phys-
ically completed trial and was considered statistical if
it was based on the likelihood of non-random mating
occurring due to chance. We fit a model for each of the
five experimental design fixed effects, and each included
the same random effects of authorship and genera-level
phylogeny.
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Fig. 1. Model-estimated likelihoods of non-random mating associated with each mating criterion in our MCMCglmm model. Center dots
represent mean effect sizes for each group, thick blue bars represent 50% credible intervals and thin blue bars represent 95% credible intervals.
Credible intervals that overlap the vertical gray line at 0 represent no significant likelihood of non-random mating.

Publication bias

Publication bias was assessed using the funnel function
in the metafor package accompanied by a test for funnel
plot asymmetry (Fig. S2). With this method, we looked
for asymmetry of the plot and points outside plot con-
fidence intervals that would indicate that the literature on
this topic is missing studies with statistically insignificant
results. We also performed a statistical test for asymmetry
using the reg.test function in the metafor package.

RESULTS

Non-random mating among genera

The final data set included 252 effect sizes extracted
from 24 publications comprised of data across four habi-
tats, five orders, 13 genera and 23 species. The overall
likelihood of non-random mating across all experiments
included in this analysis was significant (LOR= 1.77,
1.13–2.40 95% CI, P < 0.0001, Fig. 1, Table III).
We found that four genera (Pseudocalanus, Lernaeocera,

Coullana and Leptodiaptomus) did not display significant,

non-random mating when modeled alongside all other
genera (Fig. 2, Table SII). Two genera, Calanus and Cen-

tropages, showed effect sizes that were marginally signif-
icant (P = 0.0531 and P = 0.0748, respectively). Seven
genera showed estimates of effect that were significant
showing non-random mating is not unique to a single
genus. The likelihood of non-random mating estimated
by our meta-analytical model varied by genus (Fig. 2).
The strongest likelihood was attributed to planktonic
members of Oithona, while the weakest, yet still significant,
likelihood belonged to the benthic group Tigriopus (Fig. 2).
However, Tigriopus also had the largest effective sam-
ple size (Table SII). Non-random mating was consistent
across habitat types (Table SII). Pelagic and planktonic
copepods (which ultimately are very similar—the ability
to swim against the current is not always unequivocal)
were not the most likely to engage in non-random mat-
ing, while benthic and ectoparasitic copepods were less
likely to do so. The estimated overall heterogeneity in the
data using our model was 83.48%. Of this heterogeneity,
44.65% was attributable to variation due to authorship
and 38.83% was attributable to phylogenetic relatedness
among taxa.
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Table III: The model estimated effect sizes (log odds ratio) and confidence intervals (CI) representing the
likelihood of non-random mating in copepods

Heterogeneity

Analysis grouping Sample size Effect size Lower 95% CI Upper 95% CI I2 (%) Paper (%) Genus (%)

Overall mean effect 252 1.77 1.13 2.40 80.89 73.12 7.77

Reproductive status 8 3.21 1.90 4.53

Species identity 39 2.57 1.96 3.21

Mechanosensory stimuli 10 2.41 1.35 3.45

Age 32 1.97 1.33 2.60

Sex 15 1.74 1.01 2.46

Diffusible pheromone 27 1.50 0.87 2.15

Blockage 91 1.10 0.55 1.68

Population 25 1.09 0.28 1.91

Sex ratio 5 0.81 −0.37 1.95

Mating criteria associated with mate choice
A total of nine different criteria influencing mating (Fig. 1
and Table II) were used to compare the degree to which
copepods exhibit non-random mating behavior. We
measured significant likelihood estimates of non-random
mating in all but a single category of criteria (i.e.
sex ratio, P = 0.1646, Table III). Likelihood estimates
in the age, blockage, diffusible pheromone, species,
mechanosensory stimuli, population, reproductive status
and sex categories were all significant (Fig. 1, Table III).
We found variation in the likelihood of non-random
mating in each individual category by our meta-analytical
model (Fig. 2). The overall estimated heterogeneity in
the data and the heterogeneity due to random effects
of authorship and genus are shown in Table III. Total
heterogeneity across the data set was high (80.89%), but
only 7.77% of this was explained by differences among
genera (Table III).
Reproductive status had the highest likelihood of non-

random mating and was followed by experiments that
manipulated species identity and mechanosensory stimuli
(Fig. 1, Table III). Age and sex criteria had similar likeli-
hoods, and estimates for these two criteria were stronger
than those from the diffusible pheromone and block-
age categories (Fig. 1, Table III). The weakest likelihood
estimate among the significant criteria was associated
with experiments that varied population identity of mates
within a species.

Effects of experimental design

We found significant likelihoods of non-random mating
associated with all three response behaviors, but the like-
lihood estimates varied among them (Table SIII). The
response behavior with the strongest likelihood was copu-
lation, while the weakest likelihood estimated belonged to
precopulation. We found that there was no significant dif-
ference in the likelihood of non-random mating between

experiments that ran physical controls and those that
used statistical controls (Table SIII). We found that single
choice experiments (i.e. one female and onemale) were on
average associated with higher likelihoods of non-random
mating behavior, but this difference was not significant
(Table SIII).
We found no significant effect of observation time

during experiments on the estimated likelihood of
non-random mating (Table SIII). However, we did
find a statistically significant effect of increasing the
number of potential mates provided to copepods during
mating trials. For every added potential mate, the
estimated likelihood of non-random mating decreased
slightly (LOR= −0.17, P < 0.05, Table SIII). This result
indicates that, in general, the likelihood of non-random
mating was negatively correlated with studies in which
authors chose to use a greater density of potential mates.

Publication bias in copepod mating
literature

Qualitative analysis using a funnel plot (Fig. S2) showed
slight asymmetry in the form of missing values near
the bottom center of the plot which is confirmed using
the reg.test function in the metafor package (z = −2.57;
P = 0.0102). This finding indicated that more studies
showing significant non-random mating in copepods are
being published than studies that do not. Additionally,
some effect sizes fell outside the estimated confidence
intervals generated in the plot and represented cases with
higher leverage.

DISCUSSION

In this meta-analysis, we usedMarkov chainMonte Carlo
simulation andmixedmodeling to compare nine potential
criteria that may influence copepod mating behavior. It
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Fig. 2. Model-estimated likelihood of non-random mating associated with each genus alongside a genus-level phylogeny built using complete
and partial COI sequences. Center dots represent mean effect size for each group, thick blue bars represent 50% credible intervals and thin blue
bars represent 95% credible intervals. Credible intervals that overlap the vertical gray line at 0 represent no significant likelihood of non-random
mating.

could be predicted that sex (i.e. mating type) would be
very influential in instigating non-random mating behav-
ior based on the need to avoid competitive encounters
between members of the same sex and wasted energy
expenditure; however, we saw that sex of a mate was less
influential on non-random mating than reproductive sta-
tus, species identity or mechanical stimulation. In theory,
there may be a high cost of low selectivity for mating
type, premised on the assumption that mating opportu-
nities, energy or resources might be lost by pursuing and
entering precopula with a same-sex mate. Such a high
cost of pursuing a same-sex partner may not be relevant,
however, if the precopulatory selection of a same-sex
mate is quickly recognized and corrected by releasing or
escaping an unwanted mate (Tsuboko-Ishii and Burton,
2017).
Based on our analysis, chemical cues, such as diffusible

pheromones, on their own may not be as influential as

cumulative signals between mates during close interac-
tions (Fig. 1). It has been proposed that animals may
use multiple signals to enhance the accuracy of their
message to other individuals (Johnstone, 1996; Loyau
et al., 2005). Copepods, for example, may recognize mates
based on movement, diffusible pheromones and surface-
bound glycoprotein cues simultaneously. In copepods,
blockage of the ability to sense chemical or mechanical
cues, via antennule ablation, protease digestion, lectin
blockage or heat denaturation, can be expected to have
a strong effect on non-random mating. It is possible that
although diffusible pheromones are hypothesized to aid
copepods in recognition of viable mates, they are only
one trait out of many assessed during mating events. Both
pheromone and blockage mating criteria were associated
with significant likelihood estimates (Fig. 1), but these
were not as large as estimates for more cumulative crite-
ria, such as species identity or developmental age. Thus,

8

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/advance-article-abstract/doi/10.1093/plankt/fbz075/5704032 by Auburn U

niversity user on 15 January 2020



M. J. POWERS ET AL. THE RELATIVE IMPORTANCE OF VARIOUS MATING CRITERIA IN COPEPODS

copepod mating systems may serve as important models
for comparing differences in communication using single
versus multiple mating signals.
Reproductive status appeared to have the most influ-

ence on non-random mating patterns in copepods. It
is not surprising that reproductive status was an impor-
tant determinate of mating behavior, as many copepod
species can only receive a transferred spermatophore
once in their lifetime (Burton, 1985; Blades-Eckelbrager,
1991; Subramoniam, 1993). If we assume that males can
only mate with a set number of females in his lifetime,
it becomes paramount that males select females at an
optimal reproductive stage to optimize his reproductive
output. Male copepods have been shown to preferentially
avoid females that have already been inseminated (Kelly
et al., 1998; Burris and Dam, 2014), although evidence
of sperm competition in copepods is described in some
species (Ianora et al., 1989; Ohtsuka and Huys, 2001). It
is possible that female copepods also benefit from selecting
‘experienced’ males over immature males that are still
virgins. For males, there may be an energetic or resource-
based cost to transfer a spermatophore to an already-
inseminated female.
We observed a high likelihood of non-random mating

when copepods could select between mates belonging
to the same or different species (Fig. 1). This criterion
included studies that used pelagic species that exist in sym-
patry and tidepool species that are completely allopatric.
We could predict different intensities in selective pres-
sure to recognize intra- from inter-specific individuals
between allopatric and sympatric groups. However, it
seems important that copepods are able to recognize and
avoid hybridmatings. Similar to species identity, there was
also a strong likelihood for non-randommating responses
based onmechanosensory stimuli (Fig. 1). The assessment
of movement aids in the detection and encounter of
mates, but it may also stop copepods from mating with
dead, dying or unhealthy individuals. The assessment of
body size within a discrete developmental stage may sug-
gest that copepods assess aspects of individual condition,
but this area of research currently lacks experimental
evidence in copepods.
The likelihood of non-randommating responses to the

age of potential mates was high in comparison to other
criteria, such as sex and copepod pheromone signals.
In experimental settings, studies found preference for
copepodites that are older and closer to full adult-hood
(Burton, 1985; Kelly et al., 1998), as well as preferences for
adults that are younger compared to adults nearing end-
life senescence (Ceballos and Kiørboe, 2011). Preference
for older copepodites is hypothesized to be driven by the
fact that males do not have to clasp older copepodite
females as long before insemination can take place
(Anstensrud, 1992; Kelly et al., 1998). Avoiding adult

mates near the end of their lifetimes could help increase
reproductive success (Ceballos and Kiørboe, 2011).
Selective behavior based on the age of mates could be
interpreted as selection for mates of better condition or
quality in studies where younger adults are preferred over
older adults, particularly in species where senescence is
clearly observed (Ceballos and Kiørboe, 2011).
The criterion with the weakest likelihood estimate of

non-random mating was population identity. In the wild,
mating between allopatric populations of tidepool cope-
pods is rare and selection for intra-population mates
may not have had the opportunity to evolve yet (Palmer
and Edmands, 2000) despite high rates of genetic dif-
ferentiation between conspecific populations. High inter-
population genetic divergence has also been observed
in copepod species that live in open waters (Lee, 2000;
Goetze, 2003; Garlitska et al., 2012). In Tigriopus tidepool
populations where genetic incompatibilities have been
rigorously documented, these incompatibilities do not
manifest until the second generation of hybrids (Burton
et al., 2006; Burton et al., 2013; Barreto and Burton, 2013).
Beyond a lab setting, it is not well-studied how often
there is admixture of wild Tigriopus populations. First
generation hybrids of T. californicus have been shown to
experience hybrid vigor (Burton et al., 2006; Hui, 2018),
and there is evidence for preference of population out-
breeding in the face of repeated inbreeding in the Tigri-

opus genus (Palmer and Edmands, 2000). Optimal out-
breeding avoiding both extreme inbreeding and extreme
outbreeding has been proposed in organisms with less
extreme population delimitation (Waser and Price, 1989;
Lynch, 1991; Atalay and Schausberger, 2018). In contrast
to the tidepool-restricted Tigriopus species, other pelagic
copepods that coexist in waters with admixed species may
be more selective of species identity. However, many of
the individual effect sizes in the ‘species identity’ crite-
rion in our meta-analysis came from experiments with
Tigriopus.
We saw no statistically significant likelihood of non-

random mating from effect sizes grouped under the sex
ratio criteria (Fig. 1). In studies that purposefully changed
the operational sex ratio of male and female copepods,
there was often no significant change in selective behav-
ior. However, we still considered differences in the den-
sity of mates important to investigate across all studies,
regardless of whether primary authors intended to test its
effect. Thus, we included this aspect independently in our
analysis of experimental design.

Considerations for experimental design

When considering the effect of increasing the density of
stimulus individuals to choosing copepods, it is possible
that having more individuals from which to select in a
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set space may have a significant effect on the outcome of
a given mate choice test. Importantly, we observed that
providing copepods with higher density of mates is not
associated with higher likelihoods of non-random mat-
ing (Table SIII). This could be because the experiments
included in this meta-analysis were on both male and
female copepods, and males of many species can mate
multiple times. Other work has suggested that having
more available mates could allow an organism to be more
selective (Kokko and Johnstone, 2002).
We did find that the type of response that authors used

to document selective behavior played a role in deter-
mining the estimated likelihood of non-random mating.
The largest estimates were associated with experiments
that measured copulation as the mating response, while
the weakest estimates were seen in studies that measured
precopulation (Table SIII). Insemination is one of the
final steps in mating, and therefore, it is understandable
that experiments that used copulation as the final mea-
sure of non-random mating were associated with strong
likelihood estimates in our analysis. Precopulatory pair
formation can include mistakes by a copepod (Tsub-
oko-Ishii and Burton, 2017), and this may explain why
the estimated likelihood on non-random mating for this
type of response was lower.
According to our analysis, there was no significant dif-

ference in the likelihood of non-random mating between
studies that used single versus multiple-choice designs.
This is in contrast to results that show stronger mat-
ing preferences when using multiple choice experimental
designs (Dougherty and Shuker, 2015). However, this does
not necessarily mean that single-choice and multiple-
choice experiments can be interpreted equivalently in
copepods. We also found that time had no significant
effect on the strength of mate choice. This is perhaps
surprising, since it could be predicted that the longer a
copepod can assess available mates, the more likely it will
be to make an observable and recordable choice, but this
seems not the case (Table SIII).

CONCLUSION

Most genera of copepods in this study show non-random
mating behavior, indicating that many copepods do not
indiscriminately accept the first prospective mate that
they encounter (Fig. 2, Table SII). Such experimental evi-
dence for non-random mating is corroborated by obser-
vations of swarming behavior in copepods in the wild.
Copepods often have an abundance of mates available
in these swarms, and this type of mating environment
can even resemble pseudo-lekking behavior as studied in
birds (Titelman et al., 2007; Höglund and Alatalo, 2014).
Diverse genera of copepods were found to engage in non-
randommating (Fig. 2, Table SII). Grouping experiments

by specific copepod habitats (Table SII) only reinforced
the conclusion that copepods engage in non-randommat-
ing, as all four habitat types were estimated to show signif-
icant non-randommating behavior on average. However,
the likelihood of non-random mating cannot be assumed
to be equal in all genera; the likelihood of the non-
random behavior likely varies among the criteria assessed
by different copepods, many of which have very different
biology and life cycles.
The broad spectrum of studies on different aspects

of copepod mating behavior covers a wide variety of
topics and mating criteria. In summary, we have found
that copepods show the strongest behavioral response
for reproductive status, followed by recognition of con-
specific mates versus heterospecific mates (Fig. 1). When
presented with individuals from the same versus different
populations, the likelihood of non-random mating is low
(Fig. 1). However, as shown by our literature search and
the final set of extracted data, we are lacking experimen-
tal studies describing whether copepods assess mates for
individual quality (Figs. 2 and 3). Studies on mate choice
for individual characteristics that communicate quality
are well-represented in literature for many vertebrate
animals (Andersson and Simmons, 2006; Weaver et al.,
2017). However, similar studies in copepods are scarce
and descriptive rather than experimental (Titelman et al.,
2007; Ceballos and Kiørboe, 2011). As copepods become
an important model with which we can study speciation
and sexual selection, it is critical to assess whether cope-
pods inspect individual quality of potential mates.
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